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Abstract 
 High temperature piezoelectric materials are needed for actuation and sensing 
applications in harsh environments such as engine health monitoring and space exploration. 
Ferroelectric ceramics are widely used in piezoelectric devices but their high temperature 
application is limited by the ferroelectric-to-nonferroelectric transition at the Curie 
temperature.  
 The BiFeO3–PbTiO3 (BF–PT) solid solution system is peculiar for its high Curie 
temperature and thus promising for high temperature piezoelectric applications. However, the 
high dielectric loss and high leakage current make it difficult to achieve good piezoelectric 
properties.  In the present study, Pb(Mg1/3Nb2/3)O3 and PbZrO3 were used to  modify 
BiFeO3–PbTiO3 to suppress the dielectric loss and enhance ferroelectric and piezoelectric 
properties. In order to study the interrelationship between compositions, processing 
conditions and electrical properties in a systematic and efficient way, combinatorial 
approaches were employed to generate composition variation and optimize processing 
conditions. A simple high throughput method for solid state synthesis of bulk piezoelectric 
ceramics has been realized by creating a one-dimensional temperature gradient in a 
horizontal tube furnace. 
 The doping of 2 mol.% Pb(Mg1/3Nb2/3)O3 was found effective in suppressing the 
dielectric loss while maintaining the high Curie temperature. Adding PbZrO3 to BiFeO3–
PbTiO3 to form a ternary solid solution decreases the Curie temperature, enhances the room 
temperature dielectric permittivity, significantly suppresses the dielectric loss, considerably 
increases the remanent polarization, and improves the piezoelectric property.  The good 
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combination of Curie temperature and piezoelectric behaviors suggests that BiFeO3–PbZrO3–
PbTiO3 ternary system is promising for high temperature piezoelectric application.  
 Synthesis and electrical measurement of the new binary system BiLuO3–PbTiO3, an 
example of experimental exploration guided by statistical modeling, is also presented. 
Addition of 10 mol. % BiLuO3 to PbTiO3 leads to a significant increase in the Curie 
temperature though the solubility is limited.  
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1. Introduction 
 High temperature piezoelectrics are in demand for actuator and sensor applications 
under harsh environments such as fuel modulation, space exploration, deep oil drilling, and 
land based turbines.
1
 The most commonly used piezoelectric material operating at high 
temperature is single crystal quartz (SiO2), which demonstrates a high resistivity and 
temperature-independent piezoelectric property. However, its piezoelectric coefficient is 
relatively low (d11 = 2.3 pC/N).
2
 The most widely used piezoelectric polycrystalline ceramics, 
based on Pb(Zr1-xTix)O3 (PZT), have a much better piezoelectric response than SiO2. 
However, the upper working temperature of these ferroelectric ceramics is limited by their 
ferroelectric to non-ferroelectric transition temperature—the Curie temperature (TC). 
Generally, the operating temperature of piezoelectric ceramics is limited to one-half of TC, 
typically at temperatures lower than 200 °C.
3
 For example, 150°C is the upper working 
temperature for PbZr0.52Ti0.48O3 with a TC 386 °C. Therefore the search for piezoelectrics 
aiming at high temperature applications (>300 °C) has been a continuous effort in the field of 
electroceramics.  
 Current efforts on the development of high Curie temperature ferroelectric ceramics 
still primarily focus on the PbTiO3 based systems, since PbTiO3 is a stable perovskite with 
high Curie temperature (490 °C) and extremely strong ferroelectricity.
4
 One reason for the 
relatively low Curie temperature of PZT is the low Curie temperature of the end member 
PbZrO3 (230 °C). Therefore, the solid solutions of PbTiO3 with alternative end members 
were extensively studied.  Some of these candidates (such as, BiFeO3
5
, BiScO3
6
, BiYbO3
6
, 
BiInO3
7
, Bi (Mg1/2Ti1/2)O3
8
 and BiGaO3
9
) can significantly increase the Curie temperature of 
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solid solutions. However, the majority of these systems have shown either limited solubility 
or inferior electric properties.
5-9
 Therefore the development of new high Curie temperature 
piezoelectric ceramics has two basic strategies: a. modifying and enhancing the 
electromechanical response of an existing high TC perovskite system, b. synthesizing solid 
solutions with new end members.  
 The accommodating nature of the perovskite structure of ferroelectrics provides great 
potential for promising combinations of chemistry, forming a large space for combinatorial 
trials. However, the experimental exploration for high performance piezoelectrics with high 
TC is greatly limited by the complicated, time-consuming conventional solid state synthesis 
methods. While physical modeling and predictions, including first principle calculations, 
help to narrow the search space, combinatorial methodology and experimental demonstration 
are still needed to improve the efficiency of experimental screening.   
 The major focus of the research work presented in this dissertation is the 
experimental search of new high Curie temperature perovskite solid solutions using 
combinatorial approaches. The dissertation is mainly composed of a number of journal 
articles published or submitted for publication and a manuscript under preparation. The 
dissertation is organized as follows:  
 Chapter 2 introduces the background information and literature review of topics 
addressed in subsequent chapters. Chapter 3 describes and explains the experimental methods 
and procedures used in the present work.  
 Chapter 4 is a journal article about a simple high throughput method for solid state 
synthesis of bulk piezoelectric ceramics that has been realized by creating a one-dimensional 
temperature gradient in a horizontal tube furnace. Using this approach, the temperature 
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dependence of perovskite phase formation in the 2 mol.% Pb(Mg1/3Nb2/3)O3 doped 
0.6BiFeO3–0.4PbTiO3 ceramic was investigated in an efficient and rapid way. The doping of 
2 mol.% Pb(Mg1/3Nb2/3)O3 was found effective in suppressing the dielectric loss of pure BF–
PT while maintaining the high Curie temperature. 
 Chapter 5 contains a journal article that binary systems of BiFeO3–PbTiO3 and 
PbZrO3–PbTiO3 are combined to form a ternary system, with the aim to produce ferroelectric 
ceramics with high Curie temperatures and excellent piezoelectric properties. The 
combinatorial composition library was established by tuning the content of PbTiO3 in order 
to reach the appropriate volume fraction between the rhombohedral and tetragonal phases in 
the sintered ceramics.   
 Chapter 6 is a manuscript about the follow-up study of Chapter 5, expanding the 
search for the morphotropic phase boundary (MPB) compositions in a much wider range of 
the BiFeO3–PbZrO3–PbTiO3 ternary system.   The compositional library consists of the 
compositions with varied phase formations, including tetragonal phase-rich, MPB and the 
rhombohedral phase-rich compositions.  The impact of tetragonality and phase ratio were 
studied by comparing the Curie temperature, ferroelectric and piezoelectric properties.  
 Chapter 7 is a manuscript under preparation about the synthesis and electrical 
characterization of BiLuO3–PbTiO3, a new high Curie temperature binary system predicted 
by statistical modeling.  
 Chapter 8 contains general conclusions and provides some suggestions for future 
study.  
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2. Literature review 
2.1 Piezoelectric materials  
 Piezoelectricity is the ability of certain crystalline materials to develop an electric 
charge (polarization) proportional to an applied mechanical stress.
1
 The prefix ―piezo‖ comes 
from the Greek word which means ―to press‖. Strictly speaking, this definition refers to the 
―direct piezoelectric effect‖. As a counterpart, the ―converse piezoelectric effect‖ is the 
ability to introduce a mechanical strain by applying an electric field.
1,2
 Compared to 
electrostriction, piezoelectricity refers to the first-order electromechanical coupling only.  
 When a piezoelectric material is under mechanical stresses, a shifting of the positive 
and negative charge centers in the material takes place, which then results in an external 
electric field, as shown in Figure 2.1. When reversed, an external electric field either 
stretches or compresses the piezoelectric material. 
 
Fig. 2.1. The direct piezoelectric effect causes certain crystalline materials to generate an 
electric charge due to the shifting of positive or negative charge centers when the material is 
under mechanical stresses. 
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2.2 Ferroelectric materials and the Curie temperature  
 A ferroelectric material is a material that exhibits, within a certain temperature range, 
an internal spontaneous polarization which can be reversed by application of a sufficiently 
large external electric field. This unique feature can be characterized by the hysteretic 
behavior in the polarization vs. electric field curve, as shown in Figure 2.2. At high electric 
fields, the polarization reaches a saturation value. As the electric field returns to zero the 
system is left with a remnant polarization which can be reversed by applying a large enough 
electric field in the opposite direction. A linear dielectric cannot generate any spontaneous 
polarization, so its P-E curve is simply a straight line without hysteresis.
1
 
 
Fig. 2.2. Typical hysteretic behavior of ferroelectrics (a single-domain single crystal BaTiO3 
at room temperature).
3
 
 As mentioned before, a ferroelectric has a spontaneous polarization under a certain 
temperature, the Curie temperature TC, around which a sharp phase transition from the low 
temperature ferroelectric state to the high temperature paraelectric state occurs. This 
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transition is accompanied by a great increase in the dielectric constant. As for BaTiO3, the 
ferroelectric transition occurs at 130°C, which roughly corresponds to the peak in dielectric 
constant, as shown in Figure 2.3. Around the Curie temperature, the ferroelectric structure 
changes to non-ferroelectric cubic structure and the dielectric constant normally reach a sharp 
peak. This phenomenon above TC can be described by the Curie-Weiss law:
3
     
   
 
    
                                                                
where    is the dielectric constant,   is the temperature,   is a constant for given materials 
and    is a temperature near to but not identical with the Curie temperature TC.  
 
Fig. 2.3. Dielectric constant of barium titanate (BaTiO3) vs. temperature.
1
 
 Above the Curie temperature, the ferroelectric material will lose the spontaneous 
polarization and the ferroelectric state. That is, the working temperature of devices made of 
ferroelectric materials is limited by the Curie temperature. In practice, the operating 
temperature of piezoelectric ceramics is limited to one-half of the Curie temperature TC due 
to the loss of polarization.
4
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2.3 Ferroelectric crystals and the perovskite structure 
 Ferroelectric materials must be crystalline and are a subgroup of piezoelectric 
materials in the view of crystal structure. According to Neumann‘s principle, the symmetry 
of a crystal‘s structure includes the symmetry of its physical properties.  It can be found that 
20 out of the 32 point groups are non-centrosymmetric and exhibit the piezoelectric effect. 
Only ten of the non-centrosymmetric groups are pyroelectric, which can develop spontaneous 
polarization and form permanent dipoles in the structure. If the spontaneous polarization is 
reversible under an external electric field, the material is called ―ferroelectric‖.5  
 Figure 2.4 shows that there are four classifications of ferroelectrics. The perovskite 
type ABO3 is the most important type and by far most of widely used ferroelectric ceramics 
belong to this type, such as BaTiO3, Pb(Zr,Ti)O3 and (Na,K)NbO3.  
 A typical ABO3 structure can be represented by the unit cell of cubic BaTiO3 (Figure 
2.5a). A-site cations occupy the corners of the cube, while B-site cation sits in the center of 
the oxygen octahedron. From a view of polyhedral, it can be considered as a corner-linked 
network of oxygen octahedra with Ti
4+
 ions occupying sites within the octahedral cage and 
the Ba
2+
 ions are located in the interstices created by the linked octahedra (Figure 2.5b).
3
   
 The lattice constant of the perovskite primary unit cell is usually close to 4 Å due to 
the rigidity of the oxygen octahedra network and the well defined oxygen ionic radius of 1.40 
Å.
6
 When cations with different sizes occupy the A and B site, the primary cubic structure 
will be distorted slightly: (a) along the [100] direction, resulting in a tetragonal cell; (b) along 
the [110] direction, leading to an orthorhombic cell, (c) along the [111] direction, creating a 
rhombohedral cell, or (d) along arbitrary [hk0] or [hkl] directions, giving monoclinic and 
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triclinic cell, respectively.
7
 Apparently only the distorted structures which are 
noncentrosymmetric are ferroelectric.  
  
Fig. 2.4. Interrelationship of piezoelectric and subgroups on basis of symmetry.
7
 
  
Fig. 2.5. Structure of perovskite (a) the unit cell of cubic BaTiO3 (b) network of corner-
linked oxygen octahedra.
6
 
32 symmetry point 
groups 
21 
non-centrosymmetric
11 
Centrosymmetric
(non-piezoelectric)
20 
Piezoelectric
Polarized under stress
10 
Pyroelectric
Spontaneously polarized
Subgroup
ferroelectric
Spontaneously polarized
Polarization reversible
Tungsten Bronze
PbNb6O7
Perovskite
ABO3
Pyrochlore
Cd2Nb2O7
Layer Structure
Bi4Ti3O12
1 (triclinic), 
2, m(monoclinic), 
2mm (orthorhombic),
3, 3m(rhombohedral), 
4, 4mm (tetragonal),
6, and 6mm (hexagonal).
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 The Goldschmidt tolerance factor t is often used to demonstrate the degree of 
distortion and suggest the stability of the perovskite structure:                         
  
     
         
                                                              
where AR  is the ionic radii of the A-site cation, BR , ionic radii of the B-site cation, and OR  is 
the ionic radii of the oxygen anion. Usually these radii are given by Shannon radii.
6
  
 If the value of t is close to 1, the structure is expected to have the ideal cubic 
symmetry. Tolerance factor usually ranges from 0.88 to 1.09, which is widened gradually 
due to the discovery of new highly distorted compounds.
7
 When t≥ 1, the crystal usually has 
a high symmetry with cubic or tetragonal structure; when t<1, it usually leads to a low 
symmetry structure, such as rhombohedral, monoclinic, or orthorhombic.
3
 However, this 
criterion needs to be used with caution, since many perovskites have several ferroelectric 
phases and change their crystal system with changing temperature.   
 The wide range of the tolerance factor allows for the substitution of different cations 
on both A and B sites while maintaining the perovskite structure. Solid solutions are easily 
formed between many cations, sometimes across the entire range of composition. As a result, 
it is possible to engineer a material‘s properties, such as Curie temperature, dielectric 
constant, resistivity, ferroelectric and piezoelectric properties through controlled substitution 
of given cations.  
2.4 Perovskite solid solution and the morphotropic phase boundary (MPB) 
 Pb(Zr,Ti)O3 (PZT), the dominant piezoelectric ceramic in engineering applications,  
is the solid solution formed by orthorhombic phase PbZrO3 (PZ) and tetragonal phase 
11 
 
PbTiO3 (PT). The phase diagram in Figure 2.6a shows that these two perovskites with 
different types of crystal structures can form a complete solid solution, and a special narrow 
phase boundary region is reached with a Zr:Ti ratio of about 52:48. This boundary separates 
the rhombohedral and tetragonal phases of PZT. Multiple phases coexist within this region, 
so it is called morphotropic phase boundary (MPB). Extensive works have shown that the 
MPB maximizes the dielectric constant, piezoelectric coefficient and related properties, as 
shown in Figure 2.6b.   
 Over the years there have been many speculations about the reason for this maximum 
in performance at MPB. It was proposed that rhombohedral and tetragonal phases coexist in 
the MPB region with a tendency to distort into a monoclinic phase.
7
 Thermodynamic 
modeling provides that the Gibbs free energy profile for the rhombohedral and the tetragonal 
PZT exhibits anisotropic flattening at the MPB.
8
 This enhances domain wall mobility and 
facilitates polarization rotation for off-polar-axis-oriented ceramic grains, leading to a large 
macroscopic piezoelectric response.
7
 A tendency toward a monoclinic distortion results from 
the flat Gibbs free energy function and, in the extreme case, may lead to a monoclinic phase. 
This polarization rotation has been verified experimentally using high-energy X-ray 
diffraction.
9
 
 The MPB and the associated performance maximization have also been observed in 
many other perovskite solid solutions such as Pb(Mg1/3Nb2/3)O3–PbTiO3
10
, Pb(Zn1/3Nb2/3O3)–
PbTiO3
11
 and (K1-xNax)NbO3–BaTiO3
12
. These set good examples for selecting promising 
end members to make solid solutions and then maximize the properties by reaching the MPB 
composition. This is one of the basic ideas in this study for searching promising high Curie 
temperature piezoceramics with high performance.  
12 
 
 
Fig. 2.6. MPB in Pb(Zr1-xTix)O3 (a) the phase diagram of Pb(Zr1-xTix)O3. HT indicates the 
high-temperature and LT the low-temperature rhombohedral phase. AF is the 
antiferroelectric phase, and M indicates the region of the intermediary monoclinic phase
10
 (b) 
dielectric constant εr and coupling factor k of PZT maximize at the MPB.
4
 
 The concept of the MPB in a binary system can also be easily extended to a ternary 
system. Several ternary systems with MPB compositions have been explored, such as 
Pb(Mg1/3Nb2/3)O3–PbZrO3–PbTiO3
13
, BiScO3–Pb(Mg1/3Nb2/3)O3–PbTiO3
14
, 
Pb(Yb1/2Nb1/2)O3–PbZrO3–PbTiO3
15
, Pb(Zn1/3Nb2/3)O3–PbZrO3–PbTiO3
16
 and   
Na1/2Bi1/2TiO3–K1/2Bi1/2TiO3–BaTiO3
17
. Extensive studies focus on systematically 
identifying the MPB in the ternary systems and measuring the corresponding ferroelectric 
and piezoelectric properties. Figure 2.7 shows an example of a series of compositions that 
were synthesized in order to locate the MPB region of a ternary system. 
15
 
13 
 
 
Fig. 2.7. MPB phase diagram for the (1 − x)Pb(Yb1/2Nb1/2)O3–xPbZrO3–yPbTiO3 ternary 
system.
15
        
2.5 Curie temperature in solid solution of perovskites 
 In a perovskite solid solution, the Curie temperature can be tuned by varying the 
compositions of the end members. For example, for the PZT binary system, as shown in 
Figure 2.6a, the Curie temperature of the MPB composition can be considered as an average 
(386°C) of the Curie temperature of two end members (PbZrO3: 230°C, PbTiO3: 490°C). 
With a close look it can be found that it is not exactly a linear combination of two phases, 
which may be due to the ordering of cations.
18
 Many solid solutions of PT have the similar 
behaviors, as shown in Figure 2.8.
18
 
 However, for many Bi-based end members, which are of great interest in high 
temperature piezoelectric ceramics, the Curie temperature doesn‘t change monotonically with 
composition.
19
 Actually, the composition dependence of Curie temperature in Bi-based 
system shows several totally different patterns, as shown in Figure 2.9.
20
 Therefore, though 
14 
 
the Curie temperature of end-members can be roughly used to evaluate the Curie temperature 
at MPB, the experimental results may differ from the expectation.  
 
Fig. 2.8. Dependence of the Curie temperature of (1-x) PbTiO3–xABO3 solid solutions on the 
concentration x. The end members PT, BF, NBT, PZ, PSN, PIN and PMN refer to PbTiO3, 
BiFeO3, (Na1/2Bi1/2)TiO3, PbZrO3, Pb(Sc1/2Nb1/2)O3, Pb(In1/2Nb1/2)O3 and Pb(Mg1/3Nb2/3)O3 
respectively. The symbols C, T, Rh and PM refer to cubic, tetragonal, rhombohedral and 
pesudomonoclinic phases, respectively. 
18
 
 Besides the high Curie temperature, excellent piezoelectric property is also an 
important aspect for the piezoelectric ceramics functioning at high temperature.  Extensive 
work has been done in the MPB based ceramics to enhance the piezoelectric coefficient by 
compositional adjusting. However, it is generally observed that the increase in the 
15 
 
piezoelectric properties leads to the decrease in the Curie temperature, as shown in the Figure 
2.10.
21
 Therefore a good balance between temperature stability and piezoelectric properties 
should be achieve in the compositional modification of perovskite solid solution for high 
temperature application.  
 
 
Fig. 2.9. Different patterns of the concentration dependence of Curie temperature in binary 
systems.
20
 
 Besides the modification of existing solid solution system, many works have been 
done to explore the new MPB system with high Curie temperature. Eitel et al proposed that 
there is a linear relationship between the Curie temperature of PbTiO3 based binary solid 
solution at MPB compositions and the tolerance factor of the other end member, as shown in 
16 
 
the Figure 2.11.
22
 Empirically a lower tolerance factor leads to a higher Curie temperature. 
Based on this finding, they successfully predicted and experimentally verified the BiScO3–
PbTiO3 system, which exhibits TC>450°C and enhanced piezoelectric properties at MPB 
composition.  A very low tolerance factor means the perovskite structure is highly distorted, 
which may need more energy (higher temperature) during the transition of ferroelectric to 
non-ferroelectric cubic structure.  However, on the other hand, low tolerance factor indicates 
the compound is unstable and difficult to synthesize.  It should be noted that the tolerance 
factors are calculated from the Shannon radii, which doesn‘t take the interactions between 
ions into account. This leads to severe deviation of experimental observation from the 
theoretical prediction in some situations. For example, BiFeO3 has a tolerance factor of 0.96, 
which is close to 1, but displays an ultra high Curie temperature 850°C.   
 
Fig. 2.10. Piezoelectric coefficient (d33) as a function of transition temperature (TC) for 
piezoelectric ceramics, including PZT, modified PZTs, and Relaxor-PT systems.
21
 
17 
 
 In summary, lacking a well-established theoretical prediction, searching for new 
systems with high Curie temperature or tuning the Curie temperature via composition 
engineering basically depends upon experimental confirmation. This requires time 
consuming preparation of new compositions and measurements.  
  
Figure 2.11 Curie temperatures (TC) at MPB compositions of PT-based MPBs versus end 
member tolerance factors.
22
 
2.6 Combinatorial processing 
 The flexible perovskite structure generates lots of possibilities to combine different 
cations within A and B sites to achieve high performance.  However, the development of new 
bulk piezoelectric ceramics and modification of existing systems are often limited by the 
time-consuming conventional solid state synthesis. Recently, high throughput 
experimentation (HTE), rapid synthesis and analysis of large number of samples, has 
attracted increasing attention in the materials science field due to its potential to greatly 
increase productivity of research and accelerate knowledge discovery.
23
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 However, the application of HTE has been overwhelmingly focusing on synthesis and 
characterization of thin films, with little effort on bulk solid state processing.
24,25
 A literature 
search was performed on the ―ISI Web of knowledge‖ database by key words 
―combinatorial‖, ―combinatorial AND film‖, ―combinatorial AND ceramic‖ and 
―combinatorial AND ceramic AND bulk‖ within the subject area ―Materials Science‖. The 
search results in Figure 2.11 show that until March 2011, despite extensive interests in the 
combinatorial studies, only 8 of them are about the bulk ceramics and the earliest paper 
appeared in 2005. The reason for this is possibly because in thin-film synthesis spatial 
varying or selective deposition is relatively easy to realize and control in order to create 
combinatorial libraries and composition spread.
26
 Bulk ceramics are much harder to manage 
since the synthesis usually requires very high temperatures and a large number of processing 
conditions that need to be explored in a combinatorial fashion.   So far most combinatorial 
studies are only concerned with the apparent links between chemistry and properties as a 
framework for designing experiments. That approach however fails to account for the 
complex influence of processing conditions, such as calcination temperature and time; all of 
which are critical in ceramic processing.  A combinatorial synthesis methodology and 
experimental approach suitable for bulk ceramics still remains a great challenge.  
19 
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Figure 2.11 Number of records until March 2011 related to combinatorial studies in ―ISI 
Web of knowledge‖ database searched by different keywords within the subject area 
―Materials Science‖. 
  
 In summary, the flexible perovskite structure provides lots of possibilities to combine 
different cations with different concentrations within A and B sites to achieve high Curie 
temperature and excellent piezoelectric performance. The dielectric, ferroelectric and 
piezoelectric properties of perovskite solid solutions can be maximized by achieving the 
MPB compositions.  The search for a good combination of high Curie temperature and 
piezoelectric basically depend upon experimental confirmation, where combinatorial 
approaches with high efficiency to optimize the composition and processing conditions are 
needed.  
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3. Experimental procedure 
3.1 Sample preparations 
 All the samples were prepared with the combinatorial approach-guided mixed-oxide 
technique, as explained in Figure 3.1. Reagent grade oxide powders were mixed 
stoichiometrically by vibrating mill in ethanol for 6 hours. The dried powders were calcined 
at different temperatures for 2 to 6 hours.  The calcined powders were milled again in ethanol 
for 12 to 15 hours in order to reduce the size of particles. After drying, the powders were cold 
pressed into pellets with 2 to 10 wt.% polyvinyl alcohol (PVA) solution under a pressure 
ranging from 50 to 150 MPa, and then sintered in covered alumina crucibles. Powders with 
the same composition were used to bury the pellet in order to reduce the evaporation of PbO 
or Bi2O3 at high temperatures.  
 The surface layers (200µm) of the sintered ceramic pellets were removed using 
mechanical grounding prior to structure and property characterization. 
 
Fig. 3.1. Procedure of the mixed-oxide technique 
24 
 
 Beside the mixed oxide technique, a simple high throughput method for solid state 
synthesis of bulk piezoelectric ceramics has been demonstrated by creating a one 
dimensional temperature gradient in a horizontal tube furnace for calcinations and sintering, 
which will be explained in detail in the Chapter 4.  
3.2 Structure characterization  
 X-ray diffraction was used to check the phase purity and phase formation of samples. 
The relative amounts of R and T phase can be characterized by the relative intensities of 
R(200), T(200) and T(002). After peak fitting, the ratio of R to T phase can be calculated as  
 
 
 
       
               
                                                               
where        represents the area of deconvoluted R(200) peak, and         and        , the 
areas of tetragonal (002) and (200) peaks, respectively. 
 It is critical to obtain ceramics with high densities in order to minimize the influence 
of pores. The Archimedes‘ method was employed to determine the density of sintered pellets. 
In this method, the dry weight ( ) of each pellet is compared to its weight when submerged 
in water (density:        1 g/cm
3
) and has water saturated in all open pores ( ). The actual 
density of the material,      in grams per cubic centimeter is: 
     
       
   
                                                                
Theoretical density is easily calculated from the unit cell volume and atomic mass, as shown 
in equation (3-3), and then the relative density is calculated according to equation (3-4). 
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where  is the mass of one formula unit in the unit of g/mol,   is the number of the formula 
unit per unit cell,     is the volume of one unit cell in cm
3
,       is the Avogadro‘s number. 
 Scanning electronic microscopy (JSM-606LV, JEOL) was used to observe the grain 
morphology of the sintered samples. As-sintered specimens were sputtered with gold as a 
conducting layer for 15~25 seconds.  
3.3 Electrical property measurements 
 The dependence of dielectric constant upon temperature was measured to determine 
the Curie temperature as well as the temperature dependence of dielectric loss. An LCR 
meter (HP-4284A, Hewlett-Packard) in conjunction with a high temperature probe was used 
for dielectric properties measurements. The samples were heated up to desired temperature 
and a heating rate of 4 °C/min was used. 
 The polarization hysteresis measurement was made with a standardized ferroelectric 
test system (RT-66A, Radiant technologies). The sample was immersed in silicon oil to avoid 
electrical arcing. 
 The piezoelectric coefficient d33 is measured by a d33 meter (ZJ-3B/4B, Institute of 
Acoustics, Chinese Academy of Science) 24 hours after the samples were poled.  
 The temperature dependence of the planar coupling factor, kp, of the poled specimens 
was measured by an impedance analyzer (HP 4194A, Agilent Technologies,) in conjunction 
with an environmental test chamber (Delta Design 9015, Delta Design). 
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4.1 Abstract 
 A high throughput approach for generating combinatorial libraries with varying 
processing conditions for bulk ceramics has been developed. This approach utilized the linear 
temperature gradient in a tube furnace to screen a whole temperature range for optimized 
preparation. With this approach, the processing of 0.98[0.6BiFeO3–0.4PbTiO3]–
0.02Pb(Mg1/3Nb2/3)O3 ceramic powders and pellets for high-temperature piezoelectric 
applications was demonstrated to identify the best synthesis conditions for phase purity. The 
dielectric property measurement on the as-processed solid solution ceramics confirmed the 
high Curie temperature and the improved loss tangent with the Pb(Mg1/3Nb2/3)O3 doping.  
___________________ 

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4.2 Introduction 
 The development of new bulk piezoelectric ceramics and modification of existing 
systems are often limited by the time-consuming conventional solid state synthesis. Recently, 
high throughput experimentation (HTE), rapid synthesis and analysis of large number of 
samples, has attracted increasing attention in materials science field due to its potential to 
greatly increase productivity of research and accelerate knowledge discovery.
1
 However, the 
application of HTE has been overwhelmingly focusing on synthesis and characterization of 
thin-films, with little effort on bulk solid state processing.
2,3
 In addition, most combinatorial 
studies are only concerned with the apparent link between chemistry and properties as a 
framework for designing experiments. That approach, however, fails to account for the 
complex influence of processing conditions, such as calcinations temperature and the 
ambient gases; all of which are critical in ceramic processing. In the present work, a simple 
approach has been developed for high throughput solid state synthesis of bulk piezoelectric 
ceramics for the generation of combinatorial processing libraries. 
 Many piezoelectric devices require piezoelectric ceramics with Curie temperatures 
higher than that of the most widely used lead zirconate titanate (PZT) for high temperature 
applications.
4,5
 The BiFeO3–PbTiO3 (BF–PT) solid solution system is peculiar for its high 
Curie temperature and large tetragonality at the morphotropic phase boundary (MPB) 
composition and thus promising for high temperature piezoelectric applications.
6
 However, 
the high dielectric loss and high leakage current make it difficult to achieve good 
piezoelectric properties and well-saturated ferroelectric hysteresis loops.
7
 It is believed that 
the high leakage current originates from the end member BiFeO3 and various doping cations, 
including Mg
2+
 and Nb
5+
, have been exploited to suppress the leakage current in BiFeO3.
8-11
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In the present study, 2 mol.% of Pb(Mg1/3Nb2/3)O3 was introduced as the source of Mg
2+
 and 
Nb
5+
 to improve the dielectric properties of the 0.60BiFeO3–0.4PbTiO3 solid solution 
ceramic. 
 The solid state synthesis of BF–PT ceramics has been found sensitive to the 
processing temperature and secondary phases such as Bi2O3, Bi2Fe4O9 and Bi25FeO40 were 
often present due to the competing thermodynamics and kinetics of phase formation.
12,13
 In 
this study, instead of examining the extent of reactions and phase formation in a number of 
individual samples processed at many different temperatures, an efficient high throughput 
method using a multi zone furnace with a controllable temperature gradient was employed. 
4.3 Experimental 
 The overall scheme for the combinatorial processing of bulk piezoelectric ceramics is 
shown in Fig. 4.1, where the generation of combinatorial processing temperature libraries is 
accomplished with one-dimensional temperature gradient. Raw oxide powders were first 
calcined. X-ray diffraction was employed to evaluate the solid state reaction and phase 
formation. Then the powder with the best phase purity was used to form ceramic pellets and 
multiple pellets (eight or more) were sintered in the temperature gradient furnace. After 
evaluations of density and phase purity, the best sintered pellet was finally used for property 
measurement. 
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Fig. 4.1. Combinatorial library strategy for assessing the effect of processing temperature for 
bulk 0.98(0.6BiFeO3–0.4PbTiO3)–0.02Pb(Mg1/3Nb2/3)O3 ceramic. (a) The profile of the 
temperature gradient used for high throughput synthesis, (b) calcined ceramic powder, (c) 
sintering of multiple pellets simultaneously, and (d) property evaluation (polarization vs. 
electric field hysteresis at room temperature at 4 Hz).  
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 A horizontal tube furnace (Lindberg/Blue Model STF55346C-1) with three heating 
zones was used for the high throughput synthesis. By adjusting the temperatures in two 
heating zones, a stable and continuous one-dimensional temperature gradient along the axis 
of the tube can be established and maintained. The temperature profile used in the present 
study was calibrated and is displayed in Fig. 4.1a. 
 The 0.98[0.6BiFeO3–0.4PbTiO3]–0.02Pb(Mg1/3Nb2/3)O3 (BF–PT–PMN) ceramic was 
prepared by solid state reaction method. Stoichiometric amount of Bi2O3 (99.9%, Aldrich), 
Fe2O3 (99.99%, Alfa Aesar), PbO (99.99%, Alfa Aesar), TiO2 (99.99%, Aldrich), MgO 
(99.99%, Aldrich), and Nb2O5 (99.99%, Aldrich) were mixed with vibratory mill in ethanol 
for 5 hours. The dried mixture powder was then loaded into 10×2×1.3 cm alumina boats and 
calcined for 3 hours in the multi-zone tube furnace. In the region loaded with ceramic powder, 
the temperature ranges from 766 to 1051 °C with nearly a linear gradient of 9.4 °C/cm. 
During calcination, the heating ramp from room temperature took about three and half hours. 
 The calcined powder showed a continuous change in color along the temperature 
gradient, as shown in Fig. 4.1b. The calcined powder was divided into 24 samples along the 
alumina boat length direction and the calcination temperature for each sample was 
determined from the temperature calibration results. The phase formation of each sample was 
analyzed using with X-ray diffraction with a Cu Kα radiation. The best calcination 
temperature was determined to be 925 °C where a minimum amount of second phase was 
detected. 
 A new batch of mixture powder was then calcined at 925 °C. After milling and drying, 
eight pellets were formed by pressing the calcined powder under 50 MPa with 10 wt.% 
polyvinyl alcohol solution as binder. These pellets were loaded into alumina boats along the 
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temperature gradient direction, buried in the calcined powder with the same composition to 
reduce the evaporation loss of Bi2O3 and PbO during sintering. The sintering took place in 
the temperature gradient furnace under the temperature range of 878 ∼ 1051 °C for 4 hours. 
X-ray diffraction was used to monitor the phase purity after sintering. Dielectric permittivity 
as well as ferroelectric hysteresis loop measurement was performed on the sintered pellet 
with high density and the best phase purity. 
4.4 Results and discussion 
 Figure 4.2a shows the X-ray diffraction patterns of the 24 powder samples calcined in 
the transitional zone of the tube furnace with a linear temperature gradient. It is clear that the 
phase development during calcination is strongly dependent on calcination temperatures. 
Close examination of patterns within the 28° ∼ 34° region, as shown in Fig. 4.2b, indicates 
that the formation of perovskite phase through solid state reaction is not complete below 
925 °C. The peak around 30.6° is probably from a bismuth layered structure compound 
Pb2Bi4Ti5O18.
14
 In addition, trace amount of Bi25FeO40 or unreacted Bi2O3 can also be 
detected by X-ray diffraction.
12,13
 Above 952 °C, diffraction peaks from Bi2O3 was observed 
to appear again. Therefore, the best calcinations temperature is determined to be around 
925 °C. Figure 4.2b also reveals that the perovskite phase is a mixture of rhombohedral and 
tetragonal phase, indicating that 2 mol.% doping of PMN shifted the tetragonal base 
composition 0.6BiFeO3–0.4PbTiO3
15
 to the MPB region. Furthermore, the volume fraction of 
the tetragonal perovskite phase seems to increase with increasing calcination temperature. 
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Fig. 4.2. X-ray diffraction patterns of the 0.98(0.6BiFeO3–0.4PbTiO3)–0.02Pb(Mg1/3Nb2/3)O3 
calcined ceramic powder. (a) The whole pattern of 2θ from 18 to 60°. The calcination 
temperature is labeled on every other pattern. (b) The segment from 28° to 34° from the 
labeled pattern in (a).  
 Figure 4.3 shows the X-ray diffraction patterns from the sintered pellets. Within the 
sintering temperature range of 878∼1051 °C, the fractions of the major perovskite phase and 
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minor secondary phases did not change much. The pellet sintered at 978 °C seems to have 
the best phase purity with only trace amount of Bi25FeO40. However, density measurement 
indicates that the density increases with increasing sintering temperature. Since ceramic 
density and phase purity are critical for good piezoelectric properties, additional optimization 
on the dwell time at this sintering temperature (978 °C) becomes necessary. 
 
Fig. 4.3. X-ray diffraction patterns of the 0.98(0.6BiFeO3–0.4PbTiO3)–0.02Pb(Mg1/3Nb2/3)O3 
sintered ceramic pellets in the temperature range of 878~1051 °C. The peaks are indexed on 
the basis of the pseudocubic perovskite structure.  
 Further electrical measurements were made on the pellet sintered at 978 °C. Figure 
4.4 shows the temperature dependence of dielectric constant, εr, and loss tangent, tan δ, 
measured at 1 kHz, 10 kHz, 100 kHz and 1 MHz. From the peak in the εr vs. T curve at 1 
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MHz, the Curie temperature TC was determined to be 557 °C. Compared with the base 
composition 0.6BiFeO3–0.4PbTiO3,
16
 doping of 2 mol.% PMN leads to a 40°C decrease in 
the Curie temperature. The extremely high dielectric constant and loss tangent at lower 
frequencies at temperatures above 300°C may be originated from thermally activated space 
charges. Processing under oxygen atmosphere might help decreasing the loss tangent at high 
temperatures. However, compared to data in the previous literature,
17
 the dielectric loss 
tangent is suppressed while the dielectric constant is largely unchanged at room temperature 
with PMN doping (Table 4.1). The low loss at room temperature allows for the application of 
intensive electric fields for the measurement of polarization vs. electric field hysteresis loops. 
As shown in Fig. 4.1d, the hysteresis loop was not saturated even at the peak field of 60 
kV/cm. 
Table 4.1 Comparison of the dielectric constant, εr, and loss tangent, tan δ, at room 
temperature of the 0.98(0.6BiFeO3–0.4PbTiO3)–0.02Pb(Mg1/3Nb2/3)O3 ceramic with the 
0.67BF–0.33PT ceramic17 
  1kHz 10kHz 100kHz 1MHz 
0.67BF-
0.33PT 
εr 117 105 101 99 
tan δ 0.185 0.0557 0.0251 0.0398 
BF PT 
PMN 
εr 108.2 104.6 102.3 97.7 
tan δ 0.0627 0.0213 0.0153 0.0115 
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Fig. 4.4. Temperature dependence of dielectric constant, εr, and loss tangent, tan δ, of the 
ceramic pellet sintered at 978 °C. (a) dielectric constant, and (b) loss tangent.  
4.5 Conclusions 
 A simple high throughput method for solid state synthesis of bulk piezoelectric 
ceramics has been realized by creating a one-dimensional temperature gradient in a 
horizontal tube furnace. This approach demonstrates how important processing variables that 
need to be included in developing combinatorial search libraries for ceramics can be 
accomplished in a simple and effective manner. Using this method, the dependence of 
perovskite phase formation on temperature in the 0.98(0.6BiFeO3–0.4PbTiO3)– 
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0.02Pb(Mg1/3Nb2/3)O3 ceramic was investigated in an efficient and rapid way. The best 
temperature for calcinations was determined to be 925 °C and that for sintering was around 
978 °C. The doping of 2 mol.% Pb(Mg1/3Nb2/3)O3 was found effective in suppressing the 
dielectric loss while maintaining the high Curie temperature. 
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5.1 Abstract 
 BiFeO3–PbZrO3–PbTiO3 ternary solid solution system was investigated for the 
development of piezoelectric ceramics with high Curie temperatures.  The search for the 
morphotropic phase boundary (MPB) compositions in this ternary system started from 
mixing two MPB compositions: 0.70BiFeO3–0.30PbTiO3 and 0.52PbZrO3–0.48PbTiO3.  The 
content of PbTiO3 was then further fine tuned in order to reach the appropriate volume 
fraction between the rhombohedral and tetragonal phases in the sintered ceramics.  It was 
observed that the sintering temperature has a profound impact on the density, grain 
morphology, dielectric and ferroelectric properties of the ceramics.  The composition that 
displays the best combined structure and properties was identified to be 0.648BiFeO3–
0.053PbZrO3–0.299PbTiO3, with a Curie temperature Tc of 560 °C, a remanent polarization 
Pr of 15.0 μC/cm
2
, and a piezoelectric coefficient d33 of 64 pC/N.  
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5.2 Introduction 
Searching for ferroelectric ceramics with a high Curie temperature has been a 
continuous task in the field of electroceramics due to the demand from high temperature 
piezoelectric applications.
1, 2
  The previous work reported in the literature was primarily 
focused on binary solid solution systems between two perovskite compounds,
2-4
 such as 
BiScO3–PbTiO3,
5, 6
 Bi(Mg1/2Ti1/2)O3–PbTiO3
7, 8
 and BiInO3–PbTiO3.
9, 10
  In these binary 
systems, the dielectric and piezoelectric performances were observed to peak at the 
morphotropic phase boundary (MPB) composition where a composition-induced phase 
transition occurs.
11
  The MPB composition, usually a very narrow composition range, 
displays a specific Curie temperature in the binary solid solution.  In contrast, the MPB in a 
ternary system corresponds to a continuous range of composition, providing adjustability in 
the Curie temperature and allowing a further degree of freedom in optimizing the properties.   
The BiFeO3–PbTiO3 (BF–PT) binary system exhibits a high Curie temperature 
(630 C) and a large tetragonality at the MPB composition and has been investigated for 
high-temperature piezoelectric applications.
12-16
  However, the high leakage current makes it 
difficult to pole the ceramic and the high coercive field leads to unsaturated hysteresis loops 
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even at very high electric fields.
16-18
  In the mean time, the well-known PbZrO3–PbTiO3 
(PZT) ceramics have demonstrated excellent dielectric and piezoelectric performances but 
the Curie temperature at the MPB composition (380 C) is low for some applications.2, 11  In 
the present work, binary systems of BiFeO3–PbTiO3 and PbZrO3–PbTiO3 are combined to 
form a ternary system, with the aim to produce ferroelectric ceramics with high Curie 
temperatures and excellent piezoelectric properties.  
5.3 Experimental 
Ceramic samples in the BF–PZ–PT ternary system were prepared by the solid state 
reaction method.  A stoichiometric amount of Bi2O3 (99.9%, Aldrich), Fe2O3 (99.99%, Alfa 
Aesar), PbO (99.99%, Alfa Aesar), TiO2 (99.99%, Aldrich), ZrO2 (99.978%, Alfa Aesar) 
were mixed with vibratory mill in ethanol for 6 hours.  After drying, the mixed powder was 
pressed and calcined in covered crucibles at 850 ºC for 5 hours.  The as-calcined powder was 
ground and milled in ethanol again for 15h to reduce the particle size.  Then the dried slurry 
was pressed at 300 MPa to form cylindrical pellets with 10 wt.% poly vinyl alcohol (PVA) 
solution as binder and sintered at temperatures between 975 and 1075 ºC for 4 hours.  
Protective powder of the same composition was placed around the pellets to minimize the 
evaporation loss of PbO and Bi2O3.  
The phase development after sintering was analyzed using X-ray diffractometer with 
Cu-Kα radiation.  The Archimedes‘ method was employed to determine the density of 
sintered pellets.  Scanning electron microscopy (SEM) was used to examine the grain 
morphology in the as-sintered pellets.  For dielectric and ferroelectric measurements, sintered 
pellets were polished and electroded with silver paste.  An LCR meter (HP-4284A, Hewlett-
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Packard) in conjunction with a high temperature sample holder cell system (ProboStat, 
NorECs) was used to measure the temperature dependence of dielectric constant and loss 
tangent during heating from room temperature to 700 °C at the rate of 4 °C/min. The 
polarization v.s. electric field hysteretic loops were characterized by the RT-66A 
standardized ferroelectric test system (Radiant technologies) at room temperature at ~4 Hz.  
5.4 Results and discussion 
The compositions prepared in the BF–PZ–PT ternary system for this study are 
schematically shown in Fig. 5.1.  Three initial compositions A0, B0 and C0 were selected 
from the straight line connecting the two MPB compositions of 0.70BF–0.30PT and 0.52PZ–
0.48PT.  In order to preserve the high Curie temperature observed in 0.70BF–0.30PT, the 
ceramics of A0, B0, and C0 contain 5 mol.%, 10 mol.%, and 15 mol.% of (0.52PZ–0.48PT), 
respectively.  However, X-ray diffraction analysis (Fig. 5.2) indicates that these three 
compositions sit in the tetragonal side of the MPB in the ternary system.  The results indicate 
that the MPB in the BF–PZ–PT ternary system deviates away from the straight line 
connecting the two MPB compositions of 0.70BF–0.30PT and 0.52PZ–0.48PT.  It was also 
noticed that the large internal stresses in A0 and B0 due to the high fraction of the tetragonal 
phase make the sintered pellets easy to break.  In order to maintain the physical integrity and 
reach the MPB composition, the content of the tetragonal phase needs to be reduced.  This 
was realized through the decrease in the PT content while maintaining a constant molar ratio 
between BF and PZ.  Accordingly, compositions A1, A2, B1, B2, B3, and C1 were 
synthesized (Fig. 5.1b).  The exact compositions of these prepared ceramics are listed in 
Table 5.1.  Indeed, as can be seen from Fig. 5.2, the volume fraction of the rhombohedral 
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phase increases at the expense of the tetragonal phase in these sintered ceramics when PT 
content is reduced.  Three compositions A2, B2 and C1 were identified as the MPB 
compositions in the ternary system and were selected for further investigation.  
 
 
Fig. 5.1. The compositions studied in the BiFeO3–PbZrO3–PbTiO3 ternary system to identify 
the MPB (a) three starting compositions were selected from the line connecting the MPB 
compositions of BF-PT and PZ-PT (b) a close look to the region circled by the dashed curve:  
A1, A2, B1, B2, B3 and C1 are selected by reducing the content of PbTiO3. 
 
A0 B0
C0
A1
A2
B1
B2
B3
C1
PbTiO3
PbZrO3BiFeO3
MPB
30:70
MPB
52:48
(a)
(b)
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Table 5.1 Compositions of BF–PZ–PT ternary system studied. 
Composition BiFeO3 PbTiO3 PbZrO3 
A0 0.665 0.309 0.026 
A1 0.680 0.294 0.027 
A2 0.686 0.287 0.027 
    B0 0.560 0.336 0.104 
B1 0.645 0.302 0.053 
B2 0.648 0.299 0.053 
B3 0.651 0.296 0.054 
    C0 0.595 0.327 0.078 
C1 0.615 0.304 0.081 
It is interesting to note that, in addition to chemical composition, sintering 
temperature is also capable of altering the volume fraction between the rhombohedral and 
tetragonal phases in the BF–PZ–PT ternary system.  Figure 5.3 shows the X-ray diffraction 
patterns of the selected compositions A2, B2, and C1 sintered at different temperatures.  
Especially in the compositions A2 and B2, obvious changes in the relative intensity of R and 
T peaks are observed.  Associated with the change in the phase ratio is the change in the 
impurity phases, as seen in Fig. 5.3.  It appears that the evaporation loss of Bi2O3 and PbO at 
high temperature during sintering dictates the phase ratio and the impurity phases.  In 
compositions A2 and B2, the impurity phase formed at lower sintering temperatures is 
identified as Bi46Fe2O72.
19
  However, the impurity phase at higher temperatures cannot be 
determined conclusively due to the very low peak intensity.  It could be either Bi2Fe4O9 or 
Pb2Bi6O11.
17
  Figure 5.3 shows that the impurity phase abruptly changed in the composition 
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A2 at 1075 °C and B2 at 1050 °C.  In contrast, only negligible amount of impurity phase was 
found in the composition C1 at all sintering temperatures.   
 
Fig. 5.2. Phase formation of selected compositions sintered at same temperatures.  The peaks 
are indexed on the basis of the pseudocubic perovskite structure. T and R refer to tetragonal 
and rhombohedral phase respectively.  
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Fig. 5.3. Influence of sintering temperature upon the phase formations of three selected 
compositions A2, B2 and C1. The peaks are indexed on the basis of the pseudocubic 
perovskite structure. T and R refer to tetragonal and rhombohedral phase respectively.  a) A2 
sintered at 975, 1065 and 1075 ºC b) B2 sintered at 975, 1035, 1050 ºC c) C1 sintered at 975 
and 1025 ºC 
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The density of sintered pellets of compositions A2, B2 and C1 is displayed in Fig. 5.4.  
It is noted that for all three compositions, the density initially increases with increasing 
sintering temperature and then decreases.  For compositions A2 and B2, this transition 
corresponds to the change of the impurity phase.  The decomposition of Bi-compounds 
and/or the evaporation loss of Bi2O3 and PbO influence the density of the sintered pellets.  
Figure 5.5 shows the SEM micrographs of pellets sintered at various temperatures.  For all 
the compositions (A2, B2, C1) the grain size generally increases with sintering temperature.  
At certain temperatures, 1075 °C for A2 and 1050 °C for B2, abrupt and significant grain 
growth was detected, along with drastic changes in the grain morphology.  It should be noted 
that this change in the grain morphology corresponds well with the change in the impurity 
phase (Fig. 5.3) and the density (Fig. 5.4).  It is seen in Fig. 5.3 that the composition C1, 
sintered at both 975 and 1025 °C, contains the same impurity phase as that in the 
composition A2 sintered at 1075 °C and the composition B2 sintered at 1050 °C.  Consistent 
with this, the grain morphology of C1 is similar to that of A2 at 1075 °C and B2 at 1050 °C 
(Fig. 5.5).  It appears that the significant grain growth in A2, B2, and C1 during sintering was 
assisted by the formation of the impurities along grain boundaries, as evidenced by the 
backscatter image shown in Fig. 5.5(i).   
The strong influence of sintering temperature on the phase formation and 
microstructure in the BF–PZ–PT ternary ceramics is also confirmed in their dielectric 
properties.  Dielectric measurements were made on pellets of the MPB compositions A2, B2 
and C1.  Figure 5.6 shows the temperature dependence of dielectric constant, r, and loss 
tangent, tan δ, measured at 100 kHz.  For compositions A2 and B2, significant difference in 
dielectric properties is observed in ceramics sintered at close temperatures.  Although drastic 
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change in the grain size and morphology was detected, the different impurity phases are 
believed to be the primary factor dictating the dielectric behavior.  Ceramics sintered at lower 
temperatures with the Bi46Fe2O72 impurity phase display a relatively higher dielectric 
constant at low temperatures and a diffuse transition around TC.  In contrast, ceramics 
sintered at higher temperatures with either Bi2Fe4O9 or Pb2Bi6O11 impurity phase show a 
sharp transition at TC.  The Curie temperature TC determined by the sharp anomalies on the r 
vs. T curves are 590, 560 and 525 ºC for A2, B2 and C1, respectively.  Table 5.2 compares 
the room temperature dielectric properties of A2, B2 and C1 with a binary composition 
0.67BF–0.33PT reported in literature.13 It is evident that adding (PZ–PT) to (BF–PT) 
suppresses the dielectric loss and enhances the dielectric constant.   
 
Fig. 5.4. Dependence of density on sintering temperature for selected compositions A2, B2 
and C1. 
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Fig. 5.5. SEM micrograph of the microstructures of selected compositions sintered at various 
temperatures: (a) A2 at 975 ºC (b) A2 at 1065 ºC (c) A2 at 1075 ºC (d) B2 at 975 ºC (e) B2 at 
1035 ºC (f) B2 at 1050 ºC (g) C1 at 975 ºC (h) C1 at 1025 ºC (i) backscatter image for (h). 
The Curie temperature in perovskite ferroelectric oxides is correlated with the room 
temperature lattice distortion.
2, 20
  In the BF–PZ–PT ternary system, the lattice distortion can 
be represented by the c/a ratio of the tetragonal phase in the MPB compositions A2, B2 and 
C1.  As shown in Fig. 5.7, a good correlation between the Curie temperature and the c/a ratio 
is present.  It suggests that when the perovskite structure displays more distortion (greater 
c/a), more energy is needed to transform to the parent cubic structure, leading to a higher 
Curie temperature.  
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Fig. 5.6. Temperature dependence of dielectric constant, r and loss tangent, tan δ of selected 
compositions, measured at 100kHz; Influence of sintering temperature are compared (a) (b) 
dielectric constant and loss of A2, (c) (d) dielectric constant and loss of B2 (e) (f) dielectric 
constant and loss of C1. 
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Table 5.2 Comparison of the dielectric constant (r) and loss tangent (tan δ) at room 
temperature of the BF-PZ-PT ceramics with the 0.67BiFeO3–0.33PbTiO3 ceramic
13
; Here A2, 
B2 and C1 are sintered at 1075, 1050, 1025 °C respectively.  
Composition TC (°C)  1 kHz 10 kHz 100 kHz 1 MHz 
A2 590 r 225 219 214 208 
tan δ 0.044 0.019 0.019 0.028 
B2 
 
560 r 237 232 229 222 
tan δ 0.025 0.014 0.013 0.016 
C1  525 r 285 283 280 277 
tan δ 0.008 0.007 0.008 0.012 
0.67BF–
0.33PT
13
 
610 r 117 105 101 99 
tan δ 0.185 0.056 0.025 0.040 
 
 
Fig. 5.7. The composition dependence of tetragonality and Curie temperature of selected 
compositions. A2, B2, and C1 are derived from the original compositions A0, B0 and C0, 
which contain 5 mol.%, 10 mol.%, and 15 mol.% of (0.52PZ–0.48PT). 
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Figure 5.8 shows the polarization vs. electric field hysteresis loops of ceramics A2, 
B2, and C1 sintered at different temperatures.  Due to the suppressed dielectric loss in A2 
and B2 sintered at lower temperatures, strong electric fields up to 70 kV/cm could be applied.  
Especially in ceramic B2 sintered at 1035 ºC, a saturated P vs. E loop was recorded with a 
coercive field of 28.2 kV/cm and a remanent polarization of 15.0 μC/cm2.  It is noted that in a 
previous report on the MPB composition in the binary BF–PT system, the hysteresis loop 
displayed a much lower polarization and was still unsaturated even at 150 kV/cm.
16
    
Although higher sintering temperatures (1075 ºC for A2, 1050 ºC for B2 and 1025 ºC 
for C1) demonstrated beneficial effects for a sharp phase transition at TC (Fig. 5.6), they are 
detrimental to ferroelectric properties.  The impurity phase along the grain boundaries [Fig. 
5.5(i)] leads to a high leakage current under strong electric fields.  The results are consistent 
with the dielectric loss measurement at room temperature at a low frequency (Fig. 5.9).  At 
20 Hz, the loss tangent decreases with increasing sintering temperature initially and then 
abruptly increases to high values when a different impurity phase was formed along grain 
boundaries at higher sintering temperatures.  The low frequency dielectric loss is due to the 
space charge which is apparently related to the impurity phase along grain boundaries.  
Sehirlioglu et al. reported previously that excess Bi2O3 would enhance the resistivity and 
ferroelectric properties in BiScO3–PbTiO3.
21
 It is speculated that the Bi-rich Bi46Fe2O72 
impurity phase formed under lower sintering temperatures is also critical to good 
ferroelectric properties in the BF–PZ–PT ternary solid solution system.    
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Fig. 5.8. Dependence of polarization vs. electric field hysteresis of selected compositions 
upon sintering temperature, measured at room temperature at 4 Hz (a) A2 sintered at 975, 
1065 and 1075 ºC (b) B2 sintered at 975, 1035 and 1050 ºC (c) C1 sintered at 975 and 1025 
ºC. 
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The severely distorted polarization vs. electric field hysteresis loops for the ceramic 
C1 (Fig. 5.8) suggest that it may have a high leakage current.  Indeed, experimental 
measurements at room temperature on ceramics A2 (sintered at 1065 C), B2 (sintered at 
1035 C), and C1 (sintered at 975 C) confirmed this.  As shown in Fig. 5.10, the leakage 
current from the ceramic C1 increases considerably as the applied electric field increases.  At 
40 kV/cm, it is about one order of magnitude higher than those from ceramics A2 and B2.  
The low leakage current from A2 and B2 allowed them to be poled.  Both ceramics were 
poled at room temperature under 70 kV/cm for 1 hour.  The piezoelectric coefficient d33 was 
measured with a piezo-d33 meter (ZJ-4B, Shanghai Institute of Ceramics, China) 24 hours 
after poling.  For the ceramic A2 sintered at 1065 C, d33 was 17 pC/N.  The low 
piezoelectric coefficient can be attributed to the ultrahigh c/a ratio in this ceramic (Fig. 5.7), 
which suppresses contributions from domain wall motion.
20
 For the ceramic B2 (sintered at 
1035 C) d33 was measured to be 64 pC/N.  This value is comparable to previous results 
obtained from the BiFeO3–PbTiO3 ceramics.
15
     
 
Fig. 5.9. Influence of sintering temperature upon room temperature dielectric loss of the 
compositions A2 and B2, measured at 20Hz. 
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Fig.  5.10. Leakage current measured at room temperature on ceramics A2 (sintered at 
1065 °C), B2 (sintered at 1035 °C), and C1 (sintered at 975 °C). 
5.5 Conclusions 
The BiFeO3–PbZrO3–PbTiO3 ternary solid solution system was investigated for the 
development of piezoelectric ceramics with high Curie temperatures.  The MPB 
compositions in the ternary system were found to deviate away from the mixture of two 
binary MPB compositions 0.70BiFeO3–0.30PbTiO3 and 0.52PbZrO3–0.48PbTiO3.  The 
sintering temperature was observed to influence the rhombohedral/tetragonal phase ratio in 
the sintered ceramics.  It was further revealed that the formation of impurity phases, ceramic 
density, grain morphology, dielectric as well as ferroelectric properties are all very sensitive 
to the sintering temperature.  Although the ceramics sintered at higher temperatures exhibit 
good dielectric properties with a sharp paraelectric/ferroelectric transition, the impurity phase 
along the grain boundaries is obviously detrimental to the ferroelectric properties.  To obtain 
ceramics with excellent piezoelectric performances and high Curie temperatures, the 
processing conditions need to be further optimized.   
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6.1 Abstract 
Since ceramics in the PbZrO3–PbTiO3 binary system display excellent piezoelectric 
properties and those in BiFeO3–PbTiO3 exhibit high Curie temperatures, morphotropic phase 
boundary (MPB) compositions in the BiFeO3–PbZrO3–PbTiO3 ternary solid solution system 
are investigated for the development of piezoelectric ceramics for high temperature 
applications.  It is found that the MPB compositions in the ternary system deviate away from 
the mixture of two binary MPB compositions 0.70BiFeO3–0.30PbTiO3 and 0.52PbZrO3–
0.48PbTiO3.  With decreasing amount of BiFeO3 in the MPB compositions in the ternary 
system, the Curie temperature TC is observed to decrease while the piezoelectric coefficient 
d33 is found to increase.  Accompanied with this trend are the decrease in the c/a ratio of the 
tetragonal phase, the increase in the dielectric constant and the decrease in the loss tangent of 
the ceramics at room temperature.  It is further noticed that the compositions in the 
rhombohedral-rich side of MPB exhibit slightly better piezoelectric properties.  An example 
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of such compositions is 0.511BiFeO3–0.326PbZrO3–0.163PbTiO3, with TC of 431 °C, d33 of 
101 pC/N, and the electromechanical coupling factor kp of 0.50.  
Keywords: Piezoelectric ceramics; Morphotropic phase boundary; electrical properties; 
BiFeO3–PbZrO3–PbTiO3. 
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6.2 Introduction 
BiFeO3–PbTiO3 binary system is of great interest for high temperature applications 
due to the high Curie temperature (630 °C) at the MPB composition.
1
  However, the large 
coercive field of the ceramic leads to unsaturated hysteresis loops and the leakage current 
hinders the poling process.
2-5
 Various cations have been employed to suppress the dielectric 
loss in BiFeO3 and BiFeO3-based ceramics.
6-10
 However, only limited success has been 
achieved in enhancing their dielectric, ferroelectric and piezoelectric properties.  Another 
peculiar aspect of the MPB composition in the BiFeO3–PbTiO3 system is its extremely high 
tetragonality (c/a = 1.18).
1
  The large tetragonal distortion was suggested to be responsible 
for the high internal stresses in the ceramic and the high resistance in domain switching 
under electric fields.11,12 The high internal stress could lead the ceramic to shred during 
processing.  Reduction in tetragonality by chemical modification seems always to be 
accompanied with decrease in the Curie temperature.
13
  
In our previous study, PbZrO3 was introduced to the BiFeO3–PbTiO3 solid solution 
for the development of ceramics with combined high Curie temperatures and high 
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piezoelectric properties.
14
 In order to preserve the high Curie temperature, MPB 
compositions near the BiFeO3–PbTiO3 side in the BiFeO3–PbZrO3–PbTiO3 ternary system 
were investigated.  The study showed that the dielectric loss was suppressed and saturated 
hysteresis loop could be observed at relatively low electric fields in these MPB compositions.  
However, the piezoelectric coefficient d33 achieved was moderate (64 pC/N).
14
 The present 
investigation is a follow-up study, expanding the search for the MPB compositions in a much 
wider range in the BiFeO3–PbZrO3–PbTiO3 ternary system.  Electrical properties in the 
tetragonal phase-rich and the rhombohedral phase-rich MPB compositions are compared.     
6.3 Experimental procedure 
Ceramics in the BiFeO3–PbZrO3–PbTiO3 ternary system were prepared by the mixed 
oxide solid state reaction method.  Powders of Bi2O3 (99.9995%, Alfa Aesar, Ward Hill, 
WA), Fe2O3 (99.99%, Alfa Aesar), PbO (99.99%, Alfa Aesar), TiO2 (99.99%, Aldrich, St. 
Louis, MO) and ZrO2 (99.978%, Alfa Aesar) were mixed and milled with a vibratory mill in 
ethanol for 6 hours.  To compensate the evaporation loss in the subsequent high temperature 
processing, 2 mol.% excess of PbO and 1 mol.% excess of Bi2O3 were included.  After 
drying, the mixed powder was pressed as a pellet and calcined at 850 °C for 4 hours.  The 
calcined pellet was ground and milled for 15 hours again and then uniaxially pressed into 
disks at 180 MPa with 2 wt.% polyvinyl alcohol aqueous solution as binder.  The pressed 
disk was buried in the powder with the same composition and sintered at 1075 °C for 2 hours.    
The Archimedes‘ method was employed to determine the density of sintered pellets.  
The grain morphology of as-sintered pellets was observed by scanning electronic microscope 
(JEOL JSM-606LV, Peabody, MA).  After removal of the surface layer of the sintered pellets, 
the phase development was analyzed using X-ray diffractometer with Cu-Kα radiation 
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(Siemens D-500, Bruker AXS, Madison, WI).  For electrical characterization, sintered pellets 
were polished and electroded with a thin layer of silver.  An LCR meter (HP 4284A, Agilent 
Technologies, Palo Alto, CA) in conjunction with a high temperature sample holder cell 
system (ProboStat, NorECs AS, Oslo, Norway) was used to measure the temperature 
dependence of dielectric constant and loss tangent during heating from room temperature to 
600 C at the rate of 4 C/min.  The polarization vs. electric field hysteretic loops were 
measured with the standardized ferroelectric test system (RT-66A, Radiant Technologies, 
Albuquerque, NM) at room temperature at ~4 Hz.  For piezoelectric characterization, the 
ceramic specimens were poled under 70 kV/cm at room temperature for 30 minutes.  The 
piezoelectric coefficient d33 was measured 24 hours after poling with a piezo-d33 meter (ZJ-
4B, Shanghai Institute of Ceramics, China).  The temperature dependence of the planar 
coupling factor, kp, of the poled specimens was measured by an impedance analyzer (HP 
4194A, Agilent Technologies, Palo Alto, CA) in conjunction with an environmental test 
chamber (Delta Design 9015, Delta Design, Poway, CA).  
6.4 Results 
The strategy for identifying the MPB compositions in the BiFeO3–PbZrO3–PbTiO3 
ternary system in the present study is schematically shown in Fig. 6.1.  Four initial 
compositions, denoted as D0, E0, F0, and G0, were selected from the straight line connecting 
0.70BiFeO3–0.30PbTiO3 and 0.52PbZrO3–0.48PbTiO3 (They are the MPB compositions in 
the binary systems).  Expanding from our previous study where compositions A0, B0 and C0 
contained 5, 10, and 15 mol.% of 0.52PbZrO3–0.48PbTiO3, respectively,
14
 the compositions 
D0, E0, F0 and G0 in the present work contain 20, 30, 40, and 50 mol.% of 0.52PbZrO3–
0.48PbTiO3, respectively.  X-ray diffraction analysis indicates that only D0 sits in the 
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tetragonal side of the MPB while the other three compositions are in pure tetragonal phase 
(Fig. 6.2).  The next step in locating the MPB compositions in the ternary system was to 
reduce the content of PbTiO3 while maintaining the molar ratio between BiFeO3 and PbZrO3 
in the four initial compositions, as schematically shown in Fig. 6.1(b).  Initially the change in 
PbTiO3 content was at a greater step size.  When the composition is in the MPB region, the 
step size for varying PbTiO3 content was controlled around 0.7 mol.%.   
 
Fig. 6.1. The strategy for identifying the MPB compositions in the BiFeO3–PbZrO3–PbTiO3 
ternary solid solution system.  (a) The first step was to mix 0.70BiFeO3–0.30PbTiO3 with 
0.52PbZrO3–0.48PbTiO3 at 20 mol.% (D0), 30 mol.%  (E0), 40 mol.% (F0), and 50 mol.% 
(G0).  (b) A close look at the boxed area in (a) to show the second step where the content of 
PbTiO3 was reduced while the molar ratio between BiFeO3 and PbZrO3 was maintained.  
65 
 
 
Fig. 6.2. Phase development in the ceramics D0, E0, F0, and G0 sintered at 1075 C.  These 
compositions are either tetragonal phase rich (D0) or of pure tetragonal phase (E0, F0, G0).  
The diffraction peaks are indexed on the basis of a tetragonal unit cell. 
X-ray diffraction patterns of all four series of compositions with reduced PbTiO3 
contents from their corresponding initial compositions D0, E0, F0, and G0 were recorded and 
analyzed.  The pseudocubic (200) diffraction peak was focused to determine the MPB 
separating the rhombohedral and the tetragonal perovskite phase.  As shown in Fig. 6.3, 
compositions D0, E1, F1, G1 are in the tetragonal side while D2, E3, F3, G3 are in the 
rhombohedral side of the MPB region in the ternary system.  In between are the compositions 
D1, E2, F2, G2, which are referred to as the ―MPB center composition‖ hereafter.  The exact 
contents of these MPB compositions, together with the initial compositions, are listed in 
Table 6.1.  Further semiquantitative analysis was performed on the pseudocubic (200) 
diffraction peaks shown in Fig. 6.3.  Their intensity profiles were deconvoluted with the 
pseudo-Voigt function.  The intensity ratio was employed to estimate the volume ratio 
between the rhombohedral (R) and the tetragonal (T) phase according to:  
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R/T = IR200 / (IT002 + IT200)               (6-1) 
where IR200 represents the integrated intensity of the deconvoluted rhombohedral (200) peak, 
while IT200 and IT002 are the intensity of the deconvoluted tetragonal (200) and (002) peaks, 
respectively.  The results, listed in Table 6.2, confirm that R/T ratio is close to 1 in the MPB 
center compositions D1, E2, F2, and G2.  The ratio R/T is less than 1 in compositions D0, E1, 
F1, G1 and greater than 1 in D2, E3, F3, and G3.   
Table 6.1. Compositions in molar fractions of the ceramics investigated in the present 
study.  Bold font denotes the MPB compositions. 
Composition BiFeO3 PbTiO3 PbZrO3 
D0 0.560 0.336 0.104 
D1 0.566 0.329 0.105 
D2 0.571 0.323 0.106 
E0 0.490 0.354 0.156 
E1 0.501 0.340 0.159 
E2 0.506 0.333 0.161 
E3 0.511 0.326 0.163 
F0 0.420 0.372 0.208 
F1 0.440 0.342 0.218 
F2 0.445 0.335 0.220 
F3 0.450 0.327 0.223 
G0 0.350 0.390 0.260 
G1 0.368 0.359 0.273 
G2 0.372 0.351 0.277 
G3 0.377 0.343 0.280 
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Fig. 6.3. Close examination of the pseudocubic (200) diffraction peak in sintered ceramics of 
(a) D0, D1, and D2, (b) E1, E2, and E3, (c) F1, F2, and F3, (d) G1, G2, and G3.  
Compositions D1, E2, F2 and G2 are referred to as the MPB center compositions containing 
approximately equal amount of rhombohedral and tetragonal phases.  T denotes tetragonal 
while R for rhombohedral perovskite phase, respectively.  Note the display range of 2 is the 
same for four panels and the decrease in the c/a ratio is obvious.  
The sintered pellets of all compositions are of high quality.  Density measurement 
with the Archimedes‘ method indicates that the relative density value for all the sintered 
pellets is between 93% and 96%.  Scanning electron microscopy (SEM) examination 
confirms the high density and indicates a uniform grain size.  Figure 6.4 shows the SEM 
micrographs of the surfaces of as-sintered pellets for the four MPB center compositions.  The 
grain sizes were determined with the linear intercept method and the average values are 2.6, 
3.2, 3.5 and 3.0 µm for D1, E2, F2 and G2, respectively.  It is seen that the grain size in 
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composition D1 is slightly smaller than the other three compositions.  However, the grain 
size and morphology are almost the same for compositions within each composition series. 
 
Fig. 6.4. SEM micrographs of the surfaces of sintered pellets with MPB compositions. (a) D1, 
(b) E2, (c) F2, and (d) G2. 
The dielectric property of the four MPB center compositions was characterized and is 
displayed in Fig. 6.5.  From Fig. 6.5(a) where the dielectric constant, r, measured at 100 kHz 
is shown, ceramics D1 and E2 exhibit a sharp ferroelectric to paraelectric transition, while F2 
and G2 display a broad peak.  The ceramic E2 shows the highest peak value of r. The Curie 
temperature, TC, for ceramics D1, E2, F2, and G2 is determined to be 494, 438, 393 and 
361 °C, respectively.  The ceramic D1 still shows a high loss tangent at temperatures above 
100 °C, but a progressive suppression of tan is evident in compositions E2, F2, and G2.  
The Curie temperature TC, the r and tan at room temperature for all 12 compositions are 
summarized in Table 6.2.  It is noticed that TC of the MPB center compositions are slightly 
higher than that of both R-rich and T-rich MPB compositions in the same series.  The room 
temperature tan value remains low and almost unchanged for all compositions.  However, 
the r at room temperature apparently increases as the composition changes from series D to 
series G.        
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Fig. 6.5. Temperature dependence of dielectric properties measured at 100 kHz during 
heating in MPB compositions D1, E2, F2, and G2.  (a) Dielectric constant εr, (b) loss tangent 
tan δ. 
Figure 6.6 shows the polarization vs. electric field hysteresis loops under 80 kV/cm, 
measured at 4 Hz for all specimens.  Note that the polarization scale for composition D and E 
series is the same.  The scale for F and G series is the same but is larger than that of D and E.  
It is evident that saturated hysteresis loops can be obtained in compositions in series F and G 
while only unsaturated loops are seen in series D and E.  It also appears that a higher 
rhombohedral to tetragonal phase ratio (R/T) corresponds to a higher remanent polarization, 
Pr, within the same composition series.  However, there is not an obvious trend for the 
coercive field, Ec.  Figure 6.6 also reveals slightly distorted hysteresis loops in ceramics E1, 
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F1, and G1 with tetragonal phase rich, suggesting that large amounts of tetragonal phase may 
hamper the motion of domain walls and lead to smaller polarizations.  The remanent 
polarization Pr and the coercive field Ec measured from hysteresis loops shown in Fig. 6.6 
are listed in Table 6.2.  It should be pointed out that, strictly speaking, the values in Table 6.2 
from unsaturated loops are not the real physical property Pr and Ec since they can be quite 
different under different measuring peak fields.   
The measured piezoelectric coefficient d33 for all 12 compositions are also tabulated 
in Table 6.2.  The beneficial effect of a higher R/T ratio on remanent polarization is also seen 
on d33.  This can be better appreciated from the plot displayed in Fig. 6.7.  The rhombohedral 
phase rich MPB compositions (D2, E3, F3, G3) display d33 values even higher than their 
corresponding MPB center compositions, especially in series D.  In addition, progressive 
improvements in d33 are seen in composition series D, E, F, and G: Series G displays the best 
d33 with a value of 132 pC/N in the rhombohedral phase rich composition G3.  It should be 
noted that these samples were poled at room temperature for the d33 measurement.  It is very 
likely that higher values of d33 could be observed in these ceramics if poled at a higher 
temperature. 
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Table 6.2. The rhombohedral/tetragonal phase ratio (R/T), Curie temperature TC, dielectric 
constant εr (100 kHz) at TC, remanent polarization Pr, coercive field EC, and piezoelectric 
coefficient d33 of compositions investigated in the BiFeO3–PbZrO3–PbTiO3 ternary system.  
Bold font denotes the MPB compositions. 
Composition R/T TC  
(°C) 
εr at TC Pr  
(µC/cm
2
) 
Ec 
(kV/cm) 
d33 
(pC/N) 
D0 0.5 492 23731 0.7 14.3 47 
D1 1.1 494 22970 1.5 21.5 60 
D2 2.4 487 26500 1.2 19.9 71 
E1 0.6 435 29460 1.4 18.0 96 
E2 1.2 438 31155 2.5 22.3 99 
E3 2.4 431 33465 4.6 36.6 101 
F1 0.6 384 21845 8.6 28.6 109 
F2 1.3 393 24118 11.9 32.3 114 
F3 1.9 385 21376 16.2 32.9 120 
G1 0.5 345 16881 4.5 20.4 125 
G2 1.3 361 16435 12.1 31.2 130 
G3 1.8 350 15357 14.7 29.2 132 
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Fig. 6.6. The polarization vs. electric field hysteresis loops measured at room temperature at 
~4 Hz in all compositions.  (a) The D series, (b) the E series, (c) the F series, and (d) the G 
series. 
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Fig. 6.7. The influence of the rhombohedral/tetragonal phase ratio (R/T) upon the 
piezoelectric coefficient d33 for the four series of compositions. 
Since compositions D2, E3, F3, and G3 display the highest d33 in each composition 
series, these four compositions were selected to further evaluate their potential for high 
temperature piezoelectric applications.  The temperature dependence of the planar coupling 
factor kp in these four compositions was measured from room temperature to 200 °C and the 
results are displayed in Fig. 6.8.  The kp at room temperature is 0.49, 0.50, 0.63 and 0.65 for 
D2, E3, F3, and G3, respectively.  These values are comparable to lead zirconate titanate 
(PZT) ceramics and are much higher than pure and modified BiFeO3–PbTiO3 solid 
solutions.
15-17
 Except composition D2, these compositions maintain a stable kp up to at least 
200 °C.  Composition D2 appeared to lose its piezoelectricity at 200 °C due to the high 
dielectric loss at this temperature (The loss tangent of D2 is similar to that of D1 which is 
shown in Fig. 6.5b).  Additional measurements at temperatures above 200 °C are needed to 
identify the upper limit of the working temperature for these compositions in the BiFeO3–
PbZrO3–PbTiO3 ternary system. 
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Fig. 6.8. The evolution of the planar coupling factor kp of ceramics D2, E3, F3 and G3 during 
heating up to 200 °C.  
6.5 Discussion 
In piezoelectric ceramics, a higher piezoelectric coefficient d33 is generally observed 
in a composition with a lower Curie temperature.
18-20
 It has been speculated that this trend is 
resulted from the higher dielectric permittivity in compositions with lower Curie 
temperatures.
18,19
 This trend is observed again in the present study, as shown in Fig. 6.9.  
However, in this BiFeO3–PbZrO3–PbTiO3 ternary system, the lattice distortion in the 
tetragonal phase, as manifested in the c/a ratio, may also influence the piezoelectric property.  
It is evident from Fig. 6.9 (and also Fig. 6.3) that the c/a ratio decreases considerably as the 
Curie temperature TC decreases.  For example, from composition D1 (TC = 494 C) to E2 (TC 
= 438 C), the increase of d33 from 60 pC/N to 99 pC/N is accompanied with a drop of c/a 
from 1.07 to 1.04.  It is argued that higher tetragonality introduces larger internal stresses 
during cooling after sintering, which could limit ferroelectric domain wall motion.
11,12
 In 
addition, switching between a and c lattice parameters during domain polarization switching 
under applied electric fields is definitely easier in compositions with a lower c/a ratio.  This 
explains that the hysteresis loops in ceramics D1 and E2 remained unsaturated even under 
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high electric fields (Fig. 6.6).  Compared to the tetragonal phase, the rhombohedral 
perovskite phase induces lower internal stresses at the ferroelectric/paraelectric phase 
transition and a smaller lattice distortion is resulted from ferroelectric polarization switching.  
Therefore, domain walls are more mobile in compositions with a lower c/a in the tetragonal 
phase and a higher volume fraction of the rhombohedral phase.  These ceramics will have a 
higher efficiency in the poling process.  As a result, larger remanent polarizations and higher 
piezoelectric coefficients are anticipated.   
 
Fig. 6.9. The correlation of d33 and c/a with the Curie temperature TC in the MPB center 
compositions D1, E2, F2 and G2. 
The present study indicates that combining two MPB compositions in the binary 
BiFeO3–PbTiO3 and PbZrO3–PbTiO3 systems at different proportions does not lead to the 
MPB compositions in the BiFeO3–PbZrO3–PbTiO3 ternary system.  Identifying the MPB 
compositions in the ternary system requires a time-consuming trial and error approach.  
Figure 6.10 shows the exact locations of these MPB compositions in part of the BiFeO3–
PbZrO3–PbTiO3 ternary phase diagram.  For the sake of completeness, composition series A, 
B, and C reported in our previous study,
14
 which contain 5, 10 and 15 mol.% of 0.52PbZrO3–
0.48PbTiO3 respectively, are also depicted in Fig. 6.10.  Compositions further away from 
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BiFeO3 (beyond series G) were not explored because the TC in series G is already lower than 
that in PZT ceramics.  The MPB in this portion of the ternary system is the line connecting 
the circles.  The area above this MPB in the PbTiO3 side is the tetragonal phase field, while 
that in the lower part is the rhombohedral field.  Moving along the MPB from A toward G 
can be thought as adding the content of PZT to BiFeO3–PbTiO3.  Figure 6.11 clearly shows 
that adding PZT to BiFeO3–PbTiO3 increases the room temperature dielectric constant 
gradually and significantly suppresses the dielectric loss.  The enhanced dielectric 
permittivity is an important contributor to the high piezoelectric coefficient d33.
18
 Again, it 
should be noted that the piezoelectric property is enhanced at the price of decreased Curie 
temperature.  A good compromise between Curie temperature and piezoelectric property 
seems to occur in the ceramic E3 with TC of 431 °C, d33 of 101 pC/N and kp of 0.50 at room 
temperature.  
 
Fig. 6.10. The exact locations of the MPB center compositions in the BiFeO3–PbZrO3–
PbTiO3 ternary system.  The MPB region in the ternary system deviates from the thin dashed 
line which connects the two binary MPB compositions. 
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Fig. 6.11. The change of room temperature dielectric properties measured at 100 kHz with 
composition from series A to G. 
6.6 Conclusions 
The BiFeO3–PbZrO3–PbTiO3 ternary solid solution system was thoroughly 
investigated for the development of piezoelectric ceramics with high Curie temperatures.  
The MPB compositions in the ternary system were found to deviate away from the mixture 
of two binary MPB compositions 0.70BiFeO3–0.30PbTiO3 and 0.52PbZrO3–0.48PbTiO3.  
Adding PZT to BiFeO3–PbTiO3 decreases the Curie temperature, enhances the room 
temperature dielectric permittivity, significantly suppresses the dielectric loss, considerably 
increases the remanent polarization, and improves the piezoelectric property.  A higher 
rhombohedral/tetragonal phase ratio in the MPB region appears to be favorable for the 
ferroelectric and piezoelectric properties.  
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7. Experimental confirmation of high Curie temperature ferroelectric 
ceramics BiLuO3–PbTiO3 predicted by statistical modeling 
7.1 Introduction 
 The development of piezoelectric ceramics used to be a trial and error approach. In 
last two decades, the development of computational materials science has provided much 
theoretical guidance for experimental exploration. Physical models, such as first principle 
calculations, were used to predict the formability and other properties of perovskites. These 
theoretical guidance greatly narrowed the searching space and several promising systems 
have been provided for the experimental confirmation.
1-4
 However, until now there is no 
well-established physical method to predict the Curie temperature of perovskites.
5,6
 Recently, 
statistical approaches and data mining technology has gained increasing attentions for 
designing new materials.
7,8
 Using the immerging statistical and data mining methods, 
Balachandran et al. suggested a promising binary system: BiLuO3-PbTiO3 with a tolerance 
factor of 0.8640 and predicted Curie temperature at MPB 705°C.
9
 
 To experimentally verify this theoretical prediction, the solid solution of BiLuO3-
PbTiO3 binary system was synthesized using solid state reaction method. The phase 
formability and dielectric properties were examined. The preliminary results showed a 
significant increase in Curie temperature when BiLuO3 was added to PbTiO3. 
7.2 Experimental 
Ceramic samples of xBiLuO3–(1-x) PbTiO3 were synthesized by the solid state 
reaction method.  A stoichiometric amount of Bi2O3 (99.9%, Aldrich), Lu2O3 (99.9%, Ames 
Laboratory), PbO (99.99%, Alfa Aesar), TiO2 (99.99%, Aldrich) were mixed  in ethanol on a 
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vibratory mill for 6 hours.  After drying, the mixed powder was pressed and calcined in 
covered crucibles at temperatures between 800 and 1000 ºC for 5 hours. The phase formation 
of as-calcined powder was examined by X-ray diffractometer to check the peroskite 
formability. The powders with pure perovskite phase were selected for sintering. The 
calcined powder was ground and milled in ethanol again for 15h to reduce the particle size.  
Then the slurry was dried and the remaining powders was pressed at 300 MPa to form 
cylindrical pellets with 10% poly vinyl alcohol (PVA) solution as binder and sintered at 1000 
ºC for 4 hours.  Protective powder of the same composition was placed around the pellets to 
minimize the evaporation loss of PbO and Bi2O3.  
The phase development after sintering was analyzed using X-ray diffractometer with 
Cu-Kα radiation.  The Archimedes‘ method was employed to determine the density of 
sintered pellets.  For dielectric and ferroelectric measurements, sintered pellets were polished 
and electroded with silver paste.  An LCR meter (HP-4284A, Hewlett-Packard) in 
conjunction with a high temperature sample holder cell system (ProboStat, NorECs) was 
used to measure the temperature dependence of dielectric constant and loss tangent during 
heating from room temperature to 650 °C at the rate of 4 °C/min.  
7.3 Results and discussion 
 Due to the extremely low tolerance factor, BiLuO3 could possess a highly distorted 
perovskite structure and tend to be unstable. Therefore, investigation of perovskite phase 
formability and the search for the MPB compositions started from the high PbTiO3 side.  X-
ray diffraction analysis indicates that the solid solution with 10 mol. % of BiLuO3 can form 
pure tetragonal perovskite phase in the calcined powders and remain stable during sintering 
(Fig. 7.1). However, large amounts of impurity phases appear in the as-calcined powder 
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when the content of BiLuO3 increases. Figure 7.2 shows that over a wide range of 
temperatures, various impurities coexist with a tetragonal perovskite phase. Since there is no 
change in the structure of the perovskite phase, it can be inferred that MPB in this binary 
system has not been reached.  These observations indicate that though 0.1BiLuO3–0.9PbTiO3 
demonstrates a stable perovskite structure, the solubility of BiLuO3 in PbTiO3 is limited. It 
also suggests that BiLuO3 is a relatively unstable perovskite structure due to the ultra high 
distortion of structure. Special synthesis conditions, such as high pressure, could be tried to 
stabilize the perovskite phase.  
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Fig. 7.1. X-ray diffraction patterns of the 0.1BiLuO3–0.9PbTiO3 ceramic sintered at 1000 °C 
for 4h. The peaks are indexed on the basis of the pseudocubic perovskite structure.  
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Fig. 7.2. X-ray diffraction patterns of the 0.3BiLuO3–0.7PbTiO3 powders calcined at 800, 
900 and 1000 °C. 
 Further electrical measurements were made on the sintered pellet of 0.1BiLuO3–
0.9PbTiO3. The r and tan δ at room temperature measured at 100 kHz are 120 and 0.018, 
respectively. Figure 7.3 shows the temperature dependence of dielectric constant, r, and loss 
tangent, tan δ, measured at 100 kHz.  A sharp ferroelectric-paraelectric transition was 
observed. The Curie temperature was determined to be 565°C. Although BiLuO3 –PbTiO3 
demonstrate limited perovskite stability, the addition of only 10 mol. % BiLuO3 significantly 
increase the Curie temperature by 75 °C, which is one of the highest values among the end 
members used to tune the Curie temperature of PbTiO3.
10-12
   
7.4 Conclusions 
 To confirm the theoretical prediction on BiLuO3 based system, ceramic samples of 
xBiLuO3–(1-x) PbTiO3 where x=0.1 and 0.3 were synthesized by the mixed-oxides method. 
X-ray diffraction analysis indicates that 0.1BiLuO3–0.9PbTiO3 demonstrates a pure 
tetragonal perovskite phase while large amounts of impurity phases exist in 0.3BiLuO3–
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0.7PbTiO3.  The dielectric measurement on the phase pure pellet shows that adding 10 mol. % 
BiLuO3 to PbTiO3 leads to a significant increase (up to 75 °C) in the Curie temperature, 
which suggests that BiLuO3 based system are promising for developing high Curie 
temperature  ferroelectric ceramics though it has limited solubility in PbTiO3 and relatively 
low structure stability.  
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Fig. 7.3. Temperature dependence of dielectric properties measured at 100 kHz during 
heating in 0.1BiLuO3–0.9PbTiO3.  
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8. General conclusions and future work 
 The major contribution of this dissertation is to successfully improve the 
shortcomings of high TC system BiFeO3─PbTiO3 solid solution, such as high dielectric loss, 
high leakage current and large coercive field, via doping Pb(Mg1/3Nb2/3)O3 and introducing 
the third component PbZrO3 to form a ternary system. The composition-structure-property 
relationship of BiFeO3─PbTiO3─PbZrO3 ternary system was investigated. Interrelationships 
between structural parameters, such as tetragonality c/a and rhombohedral/tetragonal phase 
ratio and proprieties, such as Curie temperature TC, ferroelectric and piezoelectric properties, 
were observed and discussed. Meanwhile, combinatorial strategy and approaches for 
processing optimization and composition development of bulk multi-phase perovskite 
ceramics were established.  
8.1 General conclusions 
  Traditionally, the engineering of electrical properties of electro-ceramics is through 
compositional modification. However, tailoring a particular property is sometimes 
accompanied by unfavorable change in other properties.  For example, the increase in the 
dielectric, ferroelectric and piezoelectric properties are usually accompanied by a decrease in 
Curie temperature. One of the major purposes of the current study is to enhance the electrical 
properties of BiFeO3–PbTiO3 via compositional modification while preserving its high Curie 
temperature.  Systematic investigations were performed in order to map the correlation of 
composition, Curie temperature and other structural and electrical properties. Therefore 
combinatorial libraries of compositions and processing conditions were established to 
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identify the best combination of compositions and conditions in term of the optimization of 
Curie temperature and piezoelectric properties.   
 Generating combinatorial libraries with varying processing conditions for bulk 
ceramics has been realized via a simple high throughput approach, utilizing the linear 
temperature gradient in a tube furnace to screen a whole temperature range for optimized 
preparation. With this approach, the processing of 0.98[0.6BiFeO3–0.4PbTiO3]–
0.02Pb(Mg1/3Nb2/3)O3 ceramic powders and pellets for high-temperature piezoelectric 
applications was demonstrated to identify the best synthesis conditions for phase purity. The 
results show that 2 mol.% of  Pb(Mg1/3Nb2/3)O3 can effectively reduce the dielectric loss of 
0.6BiFeO3–0.4PbTiO3.  
 PbZrO3 has been introduced to BiFeO3–PbTiO3 to form a ternary solid solution in 
order to combine the high Curie temperature of BiFeO3–PbTiO3 and excellent piezoelectric 
property of PbZrO3–PbTiO3.  The morphtropic phase boundary in the ternary system was 
efficiently explored and identified by utilizing two levels of composition libraries. The first 
level of exploration started from mixing two MPB compositions: 0.70BiFeO3–0.30PbTiO3 
and 0.52PbZrO3–0.48PbTiO3. In this level, Curie temperature and electrical properties 
gradually changed with the variation of mole fractions of 0.70BiFeO3–0.30PbTiO3 to 
0.52PbZrO3–0.48PbTiO3. Since the MPB compositions were found to deviate away from the 
mixture of two binary MPB compositions, a second level of exploration was performed to 
tune the rhombohedral/tetragonal phase ratio and reach the exact MPB compositions by fine 
adjusting the content of PbTiO3. Influence of rhombohedral/tetragonal phase ratio on the 
ferroelectric and piezoelectric properties was also studied.  
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Adding PZT to BiFeO3–PbTiO3 decreases the Curie temperature, enhances the room 
temperature dielectric permittivity, significantly suppresses the dielectric loss, considerably 
increases the remanent polarization, and improves the piezoelectric property.  The ceramic 
with approximately 10 mol. % of PZT displays a saturated hysteresis loop at 70kV/cm while 
the pure BiFeO3–PbTiO3 is not saturated even at 150kV/cm. The suppressed dielectric loss 
and leakage current allow the ceramics to be poled at 70kV/cm and piezoelectric properties 
were studied. In the compositions with 30 to 50 mol.% PZT, relatively high 
electromechanical planar coupling factor kp ≥ 0.50 was recorded at room temperature and 
was observed to remain stable up to 200 °C, indicating that the BiFeO3–PbZrO3–PbTiO3 
ternary system is promising for high temperature piezoelectric applications.  
 While the Curie temperature is mainly determined by the composition, several factors 
are observed to have impacts upon the structural and electrical properties of BiFeO3–
PbZrO3–PbTiO3 ternary system. The sintering temperature is observed to influence the 
rhombohedral/tetragonal phase ratio in the sintered ceramics.  It is further revealed that the 
formation of impurity phases, ceramic density, grain morphology, dielectric as well as 
ferroelectric properties are all very sensitive to the sintering temperature. Although sintering 
at higher temperatures leads to good dielectric properties with a sharp 
paraelectric/ferroelectric transition, the Bi-deficient impurity phase would form along the 
grain boundaries and is obviously detrimental to the ferroelectric properties. It is also 
observed that a higher rhombohedral/tetragonal phase ratio around the MPB region appears 
to be favorable for the ferroelectric and piezoelectric properties.  Given the compositions and 
Curie temperature, the piezoelectric properties could be further enhanced by optimizing the 
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processing conditions.  In order to further enhance the electrical properties, more detailed 
study should be done in optimizing the processing conditions related to these factors. 
 Synthesis of the new binary system BiLuO3–PbTiO3 indicates that though 0.1 
BiLuO3–0.9PbTiO3 displays pure tetragonal perovskite, BiLuO3 has limited solubility in 
PbTiO3. Adding of 10%BiLuO3 to PbTiO3 leads to significant increase in the Curie 
temperature, indicating that BiLuO3 is promising for development of high TC piezoelectric 
ceramics.   
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8.2 Recommendations for future study  
 Lower level doping of Pb(Mg1/3Nb2/3)O3 to BiFeO3–PbTiO3 has been proven to be 
effective in reducing the dielectric loss while preserving the high Curie temperature. Though 
the specific mechanism is not clear, it is speculated that doping of the chemically stable ions 
Mg
2+
 and Nb
5+
 to the B site could restrict the valence transition of Fe
3+
 to Fe
2+
. The 
Pb(Mg1/3Nb2/3)O3 has a relatively low Curie temperature -10 °C
1
, which could contribute to 
the decreased Curie temperature in the Pb(Mg1/3Nb2/3)O3  doped BiFeO3–PbTiO3. Another 
typical perovskite Pb(Zn1/3Nb2/3)O3, possessing a higher Curie temperature 140 °C, has 
potential to provide more thermal stability while Zn
2+
 and Nb
5+
 may also suppress the 
instability of Fe
3+
.
2
 Therefore, Pb(Zn1/3Nb2/3)O3 was proposed to dope the BiFeO3–PbTiO3 to 
enhance the electrical properties. Preliminary result in doping of 2 mol.% Pb(Zn1/3Nb2/3)O3 
shows that Pb(Zn1/3Nb2/3)O3 can effectively reduce the dielectric loss with much less of a 
reduction of Curie temperature compared to Pb(Mg1/3Nb2/3)O3 doping. Further systematic 
study is suggested to focus on the doping effect of Pb(Zn1/3Nb2/3)O3 to the BiFeO3–PbTiO3 
with a wider range  of 1 to roughly 10 mol. %.  
 Suchomel et al reported that the solid solution of Bi(Zn1/2Ti1/2)O3 (BZT) with PbTiO3 
displayed a very high Curie temperature (>700°C) and enhanced tetragonality (c/a=1.11) 
with increasing content of BZT.
3
 In this BZT–PT binary system, the solid solution maintains 
the tetragonal structure until a second phase formed, therefore no MPB exists.  However, the 
high Curie temperature and the enhanced tetragonality make BZT–PT a good candidate for 
the tetragonal forming component. It is very likely to reach the MPB by adding another end 
member to form a ternary system. The systems we propose to explore in the future are 
PbTiO3–Bi(Zn1/2Ti1/2)O3–PbZrO3 and PbTiO3–Bi(Zn1/2Ti1/2)O3–BiFeO3.  
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 The same argument can be extended to the BiLuO3–PbTiO3 system. Our preliminary 
data shown in Chapter 7 indicated that 0.1BiLuO3–0.9PbTiO3 exhibited a tetragonal 
distortion and a high Curie temperature.  Therefore, it can be used as the tetragonal end 
member in systems such as (1-x)PbZrO3–x(0.1BiLuO3–0.9PbTiO3).  
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